During fin regeneration, osteoblasts revert from a non-cycling, mature state to a cycling, preosteoblastic state to establish a pool of progenitors within the blastema. After several rounds of proliferation, preosteoblasts redifferentiate to produce new bone. Blastema formation and proliferation are driven by the continued synthesis of retinoic acid (RA). Here we find that osteoblast dedifferentiation and redifferentiation are inhibited by RA signaling and uncover how the bone regenerative program is achieved against a background of massive RA synthesis. Stump osteoblasts manage to contribute to the blastema by upregulating expression of the RA degrading enzyme cyp26b1. Redifferentiation is controlled by a presumptive gradient of RA, in which high RA-levels towards the distal tip of the blastema suppress redifferentiation. We show that this might be achieved through a mechanism involving repression of Bmp signaling and promotion of Wnt/β-catenin signaling.
Summary
Zebrafish restore amputated fins by forming tissue-specific blastema cells that coordinately regenerate the lost structures. Fin amputation triggers the synthesis of several diffusible signaling factors that are required for regeneration, raising the question of how cell lineage specific programs are protected from regenerative crosstalk between neighboring fin tissues.
During fin regeneration, osteoblasts revert from a non-cycling, mature state to a cycling, preosteoblastic state to establish a pool of progenitors within the blastema. After several rounds of proliferation, preosteoblasts redifferentiate to produce new bone. Blastema formation and proliferation are driven by the continued synthesis of retinoic acid (RA). Here we find that osteoblast dedifferentiation and redifferentiation are inhibited by RA signaling and uncover how the bone regenerative program is achieved against a background of massive RA synthesis. Stump osteoblasts manage to contribute to the blastema by upregulating expression of the RA degrading enzyme cyp26b1. Redifferentiation is controlled by a presumptive gradient of RA, in which high RA-levels towards the distal tip of the blastema suppress redifferentiation. We show that this might be achieved through a mechanism involving repression of Bmp signaling and promotion of Wnt/β-catenin signaling.
In turn, cyp26b1-positive fibroblast-derived blastema cells in the more proximal regenerate serve as a sink to reduce RA levels, thereby allowing differentiation of neighboring preosteoblasts. Our findings reveal a mechanism explaining how the osteoblast regenerative program is protected from adverse crosstalk with neighboring fibroblasts that advances our understanding of the regulation of bone repair by RA.
Introduction
Regeneration of amphibian and fish appendages proceeds through epimorphic regeneration, in which a blastema of cycling progenitor cells forms at the wound site. The blastema harbors a mixture of cells with distinct origins and fate restricted potential that coordinately regenerate the lost appendage (Gemberling et al., 2013; Tanaka and Reddien, 2011) . The zebrafish caudal fin, which completely regrows within two weeks upon amputation, has emerged as a powerful model to study the underlying cellular and molecular mechanisms of appendage regeneration. Amputation triggers successive steps (wound healing, blastema formation and regenerative outgrowth) that finally restore the original tissues including bone, connective tissue, blood vessels, nerves, epidermis and pigment cells (Akimenko et al., 2003; Poss et al., 2003) . Several signaling pathways have been implicated in fin regeneration (e.g. FGF, Igf, RA and Wnt/β-catenin signaling) (Blum and Begemann, 2012;  Chablais and Jazwinska, 2010; Poss et al., 2000; Stewart et al., 2014; Stoick-Cooper et al., 2007; Wehner et al., 2014; Whitehead et al., 2005) . However, our understanding of their tissue-specific functions is very limited. Identifying the signals that act on the distinct cell lineages is, therefore, a crucial next step towards a thorough understanding of fin regeneration. Another major unresolved question is how regenerative programs that are specific for a particular cell-lineage are protected from regenerative crosstalk between neighboring fin tissues. For example, high concentrations of diffusible signals that are required by many cells may interfere with a subset that must avoid them.
The skeletal elements of the fin, the fin rays, run from proximal to distal and are separated by soft interray tissue (Akimenko et al., 2003) . Each fin ray is made up of two opposed and segmented hemirays derived from intramembranous ossification that surround a soft core of fibroblasts, blood vessels, nerves and pigment cells (Fig. 1A) . The bone matrix is laid down by osteoblasts that line up along the bone surface. During fin regeneration osteoblasts switch from a non-cycling, matrix producing (mature), to a cycling, less differentiated (preosteoblastic) state and vice versa (supplementary material Fig. S1 ) (Knopf et al., 2011; Sousa et al., 2011; Stewart and Stankunas, 2012) . This remarkable behavior allows rapid replacement of lost bone. Upon amputation mature osteoblasts next to the amputation site become proliferative and migrate toward the wound site. In the nascent blastema preosteoblasts align at proximal lateral positions thereby forming a spatial restricted subpopulation of the blastema. After several rounds of division, preosteoblasts redifferentiate to form new bone. Differentiation progresses in a distal to proximal direction, so that fast cycling preosteoblasts at the distal leading edge of aligned osteoblasts become slow cycling differentiating cells which subsequently mature into non-cycling matrix producing cells (Stewart et al., 2014) . Despite their dedifferentiation, osteoblasts remain lineage restricted (Knopf et al., 2011; Stewart and Stankunas, 2012) . To achieve proper reconstitution of lost bone, appropriate ratios between osteoblast dedifferentiation, proliferation and redifferentiation must be tightly controlled. However, the molecular mechanisms that control the transition between the distinct differentiation states within the osteoblast lineage have only recently begun to be addressed. Wnt/β-catenin and BMP signaling have been shown to regulate preosteoblast proliferation and differentiation via opposing activities (Stewart et al., 2014) . The signals that control osteoblast dedifferentiation in the stump are unknown so far.
Retinoic acid (RA) has been shown to play multiple roles in bone development and repair by exerting pleiotropic effects on cells of the chondroblast-, osteoblast-and osteoclast lineages (Adams et al., 2007; Allen et al., 2002; Conaway et al., 2013; Dranse et al., 2011; Koyama et al., 1999; Laue et al., 2008; Laue et al., 2011; Li et al., 2010; Lie and Moren, 2012; Lind et al., 2013; Nallamshetty et al., 2013; Song et al., 2005; Spoorendonk et al., 2008; Weston et al., 2003; Williams et al., 2009) . Although partially conflicting results were reported, the general consensus for osteoblastogenesis is that RA signaling restricts osteoblast differentiation but promotes subsequent bone matrix synthesis by mature osteoblasts.
Fin amputation triggers massive RA synthesis that is indispensable for blastema formation and maintenance (Blum and Begemann, 2012; Blum and Begemann, 2013) raising the question how the osteoblast lineage deals with the massive background of RA signaling.
Here we demonstrate that two key steps of the osteoblast regenerative program, osteoblast dedifferentiation and subsequent redifferentiation, are adversely affected by RA from neighboring tissues and provide a conceptual framework for understanding how bone regeneration is achieved during fin regeneration.
Results

Aldh1a2 and Cyp26b1 cooperate to control osteoblast activity in the uninjured fin
The zebrafish caudal fin grows throughout life. Fin growth is achieved via the sequential, distal addition of new segments to each fin ray (Haas, 1962) . At the same time, hemiray thickness increases over time by adding new bone matrix along the entire fin length, meaning that hemirays are thicker in older fish and at more proximal positions ( Fig. 1B; supplementary material Fig. S2A ). Thus, osteoblasts in the uninjured fin continuously synthesize basal levels of matrix. In larval zebrafish, RA promotes bone matrix synthesis (Laue et al., 2008; Li et al., 2010; Spoorendonk et al., 2008) . We therefore expected a comparable role for RA signaling in osteoblasts in the adult fin. We detected expression of the RA synthesizing enzyme aldh1a2 in proximity to hemirays (supplementary material Fig.   S2B ). Using aldh1a2:gfp fish (Pittlik and Begemann, 2012) aldh1a2 expressing cells could be identified as fibroblasts adjacent to osteoblasts (Fig. 1C ). Osteoblasts were visualized by immunohistochemistry (IHC) for ZNS-5, an uncharacterized cell surface antigen that is specifically present on osteoblasts irrespective of their differentiation status (Johnson and Weston, 1995; Knopf et al., 2011) . This finding suggests that fin osteoblasts receive RA from neighboring fibroblasts. We have previously shown that intraperitoneal (IP) injection of RA efficiently enhances RA levels in the adult fin (Blum and Begemann, 2012) . A single injection of RA resulted in enhanced expression of the bone matrix genes osteocalcin (osc) (also known as bglap), osteonectin (osn), collagen (col) 1a1a and col10a1 in the uninjured fin 10 hours after injection (Fig. 1D) . Conversely, breakdown of endogenous RA levels via overexpression of the RA degrading enzyme cyp26a1 in hsp70I:cyp26a1 fish (Blum and Begemann, 2012) caused downregulation within 12 hours after a single heat-shock (Fig. 1D) .
Moreover, the hemiray surface was fully covered by osteoblasts after 10 days of RA inhibition in hsp70I:cyp26a1 fish (supplementary material Fig. S2C ), indicating that downregulation of bone matrix genes was not due to osteoblast death. Together, these data show that RA signaling positively regulates bone matrix synthesis in the adult uninjured fin.
In order to maintain the right balance between stiffness and flexibility of hemirays, matrix synthesis has to be tightly controlled. The RA degrading enzyme Cyp26b1 attenuates osteoblast activity in larval zebrafish (Laue et al., 2008; Spoorendonk et al., 2008) . In situ hybridization (ISH) on uninjured fins revealed expression of cyp26b1 in fin osteoblasts (Fig.   1E ). In contrast, expression of the two other RA degrading enzymes, cyp26a1 and cyp26c1, could only be detected in a few single cells scattered throughout the mesenchyme and epidermis (supplementary material Fig. S2D ,E), though we cannot completely rule out expression in few osteoblasts. These findings suggest that osteoblasts in the uninjured fin counteract excessive RA through Cyp26b1 activity. We tested this idea by blocking Cyp26 activity with the R115866 compound, a selective antagonist of Cyp26 enzymes (Hernandez et al., 2007; Stoppie et al., 2000) and examined expression levels of osc, osn, col1a1a and col10a1. Expression was upregulated 12 hours after IP injection (Fig. 1D) . We conclude that Aldh1a2 in fibroblasts and Cyp26b1 in osteoblasts cooperate to control RA levels and thus osteoblast activity in the adult fin (Fig. 1F) .
Stump osteoblasts upregulate cyp26b1 prior to dedifferentiation
Fin amputation has previously been shown to induce upregulation of aldh1a2 in the stump mesenchyme in proximity to the wound site and the resulting increase in RA levels is indispensable for blastema formation (Blum and Begemann, 2012) (Fig. 2A) . Of note, analyses of stump tissue at 24 hpa in aldh1a2:gfp fish revealed that aldh1a2 expression remains excluded from osteoblasts upon amputation (Fig. 2B) . The increase in RA synthesis in stump fibroblasts should enhance matrix synthesis in adjacent osteoblasts. However, expression of osc (Knopf et al., 2011; Sousa et al., 2011) , osn, col1a1a and col10a1 (supplementary material Fig. S3A ) decreases upon amputation, suggesting that enhancing RA levels in osteoblasts upon fin amputation may be counterproductive for their dedifferentiation. We therefore hypothesized that stump osteoblasts have to counteract rising intracellular RA levels in order to switch to a preosteoblastic state. Indeed, we detected increased expression of cyp26b1 at 5 hours post amputation (hpa), followed by further upregulation during the next hours ( Fig. 2A) . Expression levels of cyp26a1 and cyp26c1 were unchanged or downregulated (supplementary material Fig. S3B ). We noticed that whole mount ISH (WISH) is not sensitive enough to detect cyp26b1 expression in the uninjured fin, but allows visualization of enhanced cyp26b1 expression in the fin stump. Upregulated expression of cyp26b1 could be detected in single osteoblasts within one segment length proximal to the amputation plane (Fig. 2C ) as early as 12 hpa.
RA signaling employs a number of autoregulatory feedback mechanisms in order to obtain appropriate RA levels. For instance, enhanced RA levels usually cause upregulation of cyp26 expression (Dobbs-McAuliffe et al., 2004; Hu et al., 2008; Lee et al., 2012) . Accordingly, we detected increased cyp26b1 levels in uninjured fins 10 hours after RA injection and decreased levels within 12 hours after a single heat-shock in hsp70I:cyp26a1 fish (supplementary material Fig. S3C ). We therefore examined whether upregulation of cyp26b1 expression in stump osteoblasts also occurs when endogenous RA is removed.
Interestingly, cyp26b1 expression was upregulated at 24 hpa despite heat-shock induced cyp26a1 expression in hsp70I:cyp26a1 fish (supplementary material Fig. S3D ), suggesting that a RA-independent regeneration-specific program underlies upregulation of cyp26b1.
Osteoblast dedifferentiation requires inactivation of RA by Cyp26b1
Osteoblast dedifferentiation is accompanied by downregulation of osc and upregulation of runx2b, a marker of immature osteoblasts (Knopf et al., 2011; Sousa et al., 2011) . We found a similar upregulation of runx2a (not shown). In order to determine the requirement of Cyp26b1 activity for osteoblast dedifferentiation we injected fish with either R115866 or RA and examined runx2 and osc expression at 10 or 24 hpa, respectively. Treatments were started 10 hours before amputation (first IP at -10 hpa) to ensure sufficient drug concentrations in fin osteoblasts at the onset of dedifferentiation. Expression of runx2b was lower and osc expression was higher in RA-and R115866-treated fish compared to control fish (Fig. 3A) . In addition, runx2a expression was lower in RA-treated fish (Fig. 3A) .
Conversely, inhibition of RA signaling in hsp70I:cyp26a1 fish caused enhanced runx2 and decreased osc levels (Fig. 3A) . These data reveal that stump osteoblasts fail to adopt characteristics of an immature state if RA levels are too high. Upregulation of fgf20a and igf2b, two positive regulators of blastema formation and proliferation (Chablais and Jazwinska, 2010; Whitehead et al., 2005) was enhanced in RA-treated fish at 10 hpa (first IP at -10 hpa) (supplementary material Fig. S4A ), indicating that our treatment regime did not generally impair initiation of fin regeneration. Furthermore, in treatments starting with the first injection at 0 hpa or later, runx2 upregulation and osc downregulation were largely unaffected (not shown), showing that Cyp26b1 activity is required very early in the stump.
We next tested whether stump osteoblasts are able to enter the cell cycle in the absence of Cyp26b1 activity or during exogenously enhanced RA levels by assaying for EdU (5-ethynyl-2'-deoxyuridine) incorporation at 24 hpa. The number of EdU + /ZNS-5 + cells was strongly reduced in R115866-and RA-injected fish (first IP at -10 hpa) ( Fig. 3B ,C). We only rarely detected dying osteoblasts in control, RA-and R115866-treated fish (not shown), demonstrating that the decrease in proliferating osteoblasts was not due to enhanced cell death. Thus, stump osteoblasts do not start to proliferate if RA inactivation fails. An alternative explanation might be that RA signaling interferes more directly with osteoblast proliferation. However, injection of RA at 22 hpa, after many osteoblasts likely had already dedifferentiated, did not result in reduced osteoblast proliferation at 30 hpa (supplementary material Fig. S4B ).
Among the three cyp26 genes only cyp26b1 is significantly expressed in the fin and becomes upregulated in response to fin amputation, implying that R115866 mainly acts in stump osteoblasts. Interestingly, in both RA-and R115866-treated fish (first IP at -10 hpa)
regenerate length was slightly shorter at 2 dpa (supplementary material Fig. S4C , D) and the number of proliferating fibroblasts and epidermal cells was reduced at 24 hpa (supplementary material Fig. S4E ). Cell death was not enhanced in fibroblasts at 24 hpa and only weakly enhanced in the epidermis of R115866-treated fish but not in RA-treated fish (supplementary material Fig. S4F ). Notably, exogenous RA increases, rather than inhibits, fibroblast proliferation at 30 hpa when RA treatment starts after osteoblasts have dedifferentiated (first IP at 22 hpa) (supplementary material Fig. S4G ).
Dedifferentiating osteoblasts downregulate the mature osteoblast marker osc and redifferentiated osteoblasts upregulate its expression between 5-6 dpa (Knopf et al., 2011) .
Due to persistence of GFP protein, the transgenic osc:gfp line, therefore, can be used to detect dedifferentiated osteoblasts in the early blastema (Knopf et al., 2011; Sousa et al., 2011) . We assayed for the presence of GFP + preosteoblasts in the blastema of RA-and R115866-injected osc:gfp fish (first IP at -10 hpa). Whereas a population of GFP + cells had accumulated in the blastemas of control fish at 2 dpa, the majority of blastemas in RA-and R115866-treated fish were largely devoid (<6 cells) of GFP + cells (Fig. 3D , not shown).
Notably, RA-or R115866 treatment does not interfere with preosteoblast migration (Blum and Begemann, submitted manuscript), strongly suggesting that the absence of preosteoblasts in the blastema of RA-or R115866-treated fish is due to dedifferentiation failure. Together, our data reveal that RA signaling inhibits the switch from mature osteoblasts to proliferating preosteoblasts and demonstrate that Cyp26b1 activity is crucially required for osteoblast dedifferentiation (Fig. 3E ). In contrast, subsequent proliferation does not require RA inactivation. Of note, the early blastema of RA-and R115866-treated fish (first IP at -10 hpa) did not harbor ZNS-5 + cells (Fig. 3D , not shown), showing that missing dedifferentiated osteoblast were not replaced by cells that had differentiated de novo to osteoblasts.
RA signaling positively controls preosteoblast proliferation
Preosteoblasts and other stump cells migrate towards the wound site where they form a blastema within the first two days after amputation. Subsequently, a high proliferation rate in the distal blastema cells ensures regenerative outgrowth whereas more proximal cells differentiate to rebuild the lost fin structures. Preosteoblasts form a subpopulation at proximal lateral blastema positions (Knopf et al., 2011; Sousa et al., 2011) . aldh1a2 is not expressed in preosteoblasts and redifferentiated osteoblasts, but in adjacent fibroblast-derived blastema cells at 3 dpa (Fig. 4A,B) . Intriguingly, although cyp26b1 becomes upregulated in fibroblastderived cells in the proximal medial blastema, we could not detect cyp26b1 expression in osteoblasts at 2 or 3 dpa (Fig. 4C , not shown). This finding indicates that, in contrast to dedifferentiating osteoblasts, preosteoblasts have ceased to remove RA. Having shown previously that RA signaling positively regulates blastema proliferation (Blum and Begemann, 2012), we next examined if preosteoblasts also proliferate in a RA-dependent manner. Since complete inhibition of RA signaling causes death of blastema cells (Blum and Begemann, 2012), we chose a mild inhibition of RA signaling, as achieved by heat-shocking hsp70I:cyp26a1 fish at 37°C instead of 38°C, to investigate the effect of decreased RA levels on osteoblast proliferation during regenerative outgrowth. To estimate the reduction in RA levels upon heat-shocking fish at 37°C in comparison to heat-shocking at 38°C we examined expression levels of axin2 and cyp26b1 at 3 dpa. Wnt/beta-catenin signaling in the regenerating fin is positively regulated by RA signaling, and accordingly axin2 expression becomes rapidly downregulated upon heat-shock treatment in hsp70I:cyp26a1 fish (Blum and Begemann, 2012). Like in the uninjured fin, cyp26b1 is a sensitive RA target during regenerative outgrowth (unpublished observation). Downregulation of both genes was diminished and took longer in fish that received 37°C heat-shock at 3 dpa in comparison to fish that received a 38°C heat-shock (supplementary data Fig. S5A ). The number of EdU + /ZNS-5 + cells was strongly reduced in hsp70I:cyp26a1 fish 3 hours after a single 37°C
heat-shock at 3 dpa (Fig. 3D ). Cell death was neither enhanced in osteoblasts nor in other cell types (not shown). We next asked, whether RA signaling is already required for preosteoblast proliferation in the stump. In contrast to blastema cells, stump cells survive well upon RA depletion (Blum and Begemann, 2012) . We therefore examined the number of EdU + /ZNS-5 + stump cells at 30 hpa upon a 38°C heat-shock at 24 hpa in hsp70I:cyp26a1 fish. We found a strong reduction in proliferating stump cells in hsp70I:cyp26a1 fish (supplementary data Fig. S5B ). Injection of RA at 3 dpa caused a strong increase in the number of EdU + /ZNS-5 + cells within 6 hours after injection (Fig. 4D,E) . As mentioned before, elevated RA levels between 22 and 30 hpa did not affect proliferation of stump osteoblasts (supplementary material Fig. S4B ). However, this can be explained by the opposing effects of RA on dedifferentiation and proliferation. Taken together, our data demonstrate that the proliferation of preosteoblasts is positively controlled by RA.
RA signaling prevents preosteoblast redifferentiation
After several rounds of proliferation, preosteoblasts become slow cycling, differentiating cells in more proximal parts of the regenerate and eventually mature to matrix-producing osteoblasts (Stewart et al., 2014) . The expression patterns of aldh1a2 and cyp26b1 at 3 dpa imply that RA concentrations within the regenerate decrease from distally high to proximally low levels (Figs. 5A and 4B, C). aldh1a2 expression is high in fibroblast-derived cells in the distal blastema, but rapidly decreases in more proximal cells. In contrast, cyp26b1 expression in fibroblast-derived blastema cells extends far proximally, but is absent in more distal cells, indicating that proximal fibroblast-derived blastema cells likely act as a sink for extracellular RA. Hence, osteoblasts experience different RA concentrations along the proximodistal axis. Given the positive role of RA in preosteoblast proliferation, we speculated that RA may keep preosteoblasts in a proliferative state and prevent differentiation towards the distal tip. This idea is also supported by the negative effect of RA signaling on early osteoblastogenesis during zebrafish larval development (Li et al., 2010) . To test this hypothesis, we examined preosteoblast differentiation upon RA injection (first IP at 3 dpa).
Because preosteoblast differentiation is accompanied by upregulation of osx, we used gfp expression in osx:gfp fish (Olsp7:nlsgfp; Spoorendonk et al., 2008) as a readout. The osxfree distal domain was expanded proximally in RA-treated fins 6 hours after injection at 3 dpa (not shown) and more pronounced 24 hours after injection (Fig. 5B, C) , indicating that preosteoblast differentiation was blocked. Expression of cyp26b1 in proximal fibroblastderived blastema cells suggests that RA degradation is important to lower RA levels in proximal regions which, in turn, should allow preosteoblast differentiation. In fact, differentiation was inhibited at 4 dpa in R115866-injected fish (IP at 3 dpa) (Fig. 5C ). We therefore propose that, as soon as RA levels fall below a certain threshold in more proximal parts, preosteoblasts reduce their proliferation rate and differentiate. Thus, changes in RA levels along the proximodistal blastema axis should result in a shift of the distal limit of differentiating preosteoblasts. To test this model, we took advantage of the finding that aldh1a2 expression is expanded proximally and the distal limit of cyp26b1 expression is shifted proximally in fins that have been amputated at a more proximal position (=proximal cut), relative to the situation in fins that have been amputated at a more distal position (=distal cut) (Fig. 5D-G) . In such regenerates, preosteoblast differentiation would be expected to be shifted proximally due to enhanced RA synthesis and delayed RA degradation. In agreement with this view, the osx-free distal domain extended further proximally (Fig. 5H) .
We next examined possible mechanisms that could explain how RA signaling interferes with preosteoblast differentiation. Wnt/β-catenin and BMP signaling have been shown to coordinate preosteoblast proliferation and differentiation (Stewart et al., 2014) .
Wnt/β-catenin signaling promotes proliferation toward the distal tip of the regenerate, whereas BMP signaling positively regulates differentiation by activating expression of osx and of the dickkopf WNT signaling pathway inhibitor 1b (dkk1b). bmp2b is expressed in differentiating preosteoblasts and therefore is likely to be the ligand responsible for activation of BMP signaling during differentiation. Intriguingly, we found that RA treatment downregulates expression of dkk1b and bmp2b, within one hour after IP injection at 3 dpa (Fig. 5I ). These data imply that RA signaling may inhibit preosteoblast differentiation by negatively interfering with BMP and promoting Wnt/β-catenin signaling. In summary, our findings suggest a model in which preosteoblast differentiation is controlled by differences in RA concentrations along the proximodistal axis (Fig. 5J) . High RA levels in the distal part promote proliferation and prevent premature differentiation. Conversely, cell nonautonomous reduction of RA levels in more proximal regions through Cyp26b1 result in differentiation. Thus, both the switch from a mature to a preosteoblastic state in the stump and, vice versa, the switch back from a preosteoblastic to a mature state during regenerative outgrowth, requires inactivation of RA by Cyp26b1.
RA signaling is required for bone matrix regeneration and prevents its degradation
Redifferentiated osteoblasts start to secrete bone matrix to replace the lost bone. Given the positive effect of RA signaling on bone matrix production in the uninjured fin, we assumed a similar function during regenerative outgrowth. To test this we examined transcript levels of bone matrix genes under altered RA signaling conditions at 4 and 8 dpa. Because increased RA-levels prevent preosteoblasts from differentiating, we restricted our analyses to GFP + proximal tissue in osx:gfp (or osx:gfp, hsp70I:cyp26a1 double transgenic) fish and excluded the GFP-free distal tissue to ensure similar numbers of differentiated osteoblasts. Like in the uninjured fin expression of bone matrix genes was strongly downregulated after a single heat-shock in hsp70I:cyp26a1 fish at 4 (0 h after heat-shock) or 8 dpa (6 h after heat-shock) ( Fig. 6A,B ; supplementary data Fig. S6 ). In contrast, expression of bone matrix genes was largely unaffected after RA injection ( Fig. 6A,B ; supplementary data Fig. S6 ). Very similar results were obtained by restricting our analyses to GFP + proximal tissue in osc:gfp (or osc:GFP, hsp70I:cyp26a1 double transgenic) fish to ensure similar numbers of mature osteoblasts at 8 dpa (not shown). Since fin regeneration requires rapid formation of hemirays to support the new fin tissue, these results suggest that bone matrix genes are expressed at very high levels during regenerative outgrowth and cannot be further upregulated by exogenous RA. We next examined regenerated bone matrix by alizarin red staining in hsp70I:cyp26a1 fish that received a mild heat-shock treatment (37°C) starting with the first heat-shock at 3 dpa. As expected for mild inhibition of RA signaling, regenerative outgrowth was only slightly slowed down in hsp70I:cyp26a1 fish at 5 dpa (not shown). However, the calcified fraction of the regenerate was reduced in hsp70I:cyp26a1 fish compared to wild type fish (Fig. 6B) . Thus, RA signaling inhibition during regenerative outgrowth interferes with bone calcification, which further demonstrates that bone matrix formation depends on RA signaling. Remarkably, RA and R115866 treatment for 3 days (first IP at 3 dpa) resulted in regeneration of irregular shaped hemirays (Fig. 6C , not shown). This phenotype was rather unexpected because enhanced RA signaling hardly affects expression of bone matrix genes.
Resorption of bone matrix by osteoclasts is an obligatory process during bone growth, remodelling and fracture healing in mammals (Väänänen et al., 2000) . Moreover, osteoclasts have been shown to be involved in healing of fin ray fractures in Medaka (Takeyama et al., 2014) . So far, osteoclasts have not been implicated in fin regeneration. We assayed for osteoclasts by using TRAP staining to analyze the presence of the osteoclast specific marker tartrate-resistant acid phosphatase (TRAP). TRAP + cells were absent in the uninjured fin but could be detected after fin amputation at the wound site and within 1-2 segment lengths proximal to the amputation plane as early as 24 hpa (Fig. 6D) . During regenerative outgrowth TRAP + cells were still present at the wound site. Additionally, many TRAP + cells were found at the inner and outer surface of new bone matrix (Fig. 6D,E) . Whereas osteoclasts at the wound site are likely involved in healing of bone fractures that are occasionally induced during amputation, the presence of osteoclasts at newly regenerated rays suggest that hemiray regeneration requires the participation of osteoclasts.
RA signaling has been demonstrated to inhibit osteoclast differentiation in vitro (Conaway et al., 2009; Hu et al., 2010) . We thus speculated that excess of bone matrix in RA-and R115866-treated fins was caused by defects in bone resorption. Indeed, the regenerate of RA-and R115866-treated fish were largely devoid of TRAP + cells at 6 dpa upon 3 days of treatment (Fig. 6F, not Fig. 6F ).
Given that osteoclasts at the wound site were already present at 3 dpa when treatment was initiated, this result indicates that enhanced RA levels are likely to interfere with osteoclast differentiation. Consistently, TRAP + cells were absent from the wound site at 2 dpa in fish that received the first RA injection directly after fin amputation (Fig. 6G) . These findings suggest that RA signaling controls formation of new bone matrix at two levels, by ensuring matrix synthesis by osteoblasts and by preventing degradation by osteoclasts (Fig. 6H ).
Discussion
The fin blastema is a heterogenous mixture of fate-restricted progenitor cells that are exposed to high levels of a variety of diffusible signaling molecules. Our work reveals that the amputation-induced burst of RA synthesis, which is indispensable for blastema formation and function (Blum and Begemann, 2012) , is in conflict with the osteoblast regenerative program at two crucial stages, the switch from a mature to a preosteoblastic state and, vice versa, the switch back to a mature state. Specifically, we show that although osteoblast proliferation and bone matrix synthesis requires RA from neighboring fibroblasts, dedifferentiating and redifferentiating osteoblasts have to avoid it. These findings provide novel insights into the molecular mechanisms that guide the regenerative program of osteoblasts during fin regeneration and shed light on the significant, but so far largely overlooked problem of adverse regenerative crosstalk between neighboring fin tissues.
Mature osteoblasts in the uninjured fin continuously produce low amounts of bone matrix. Here, RA signaling positively regulates expression of bone matrix genes. Notably, RA levels in osteoblasts are determined by RA synthesis in fibroblasts and cell-autonomous RA degradation by Cyp26b1 (Fig. 1F) . This cooperation between RA synthesis and degradation in adjacent tissues may help to ensure tightly controlled RA levels in osteoblasts.
Fin amputation results in enhanced RA synthesis in stump fibroblasts. The simultaneous upregulation of cyp26b1 in osteoblasts counteracts increasing levels of RA and thus facilitates their dedifferentiation (Fig. 3E ). In the absence of Cyp26b1 activity, stump osteoblasts fail to adopt an immature state. Interestingly, enhanced cyp26b1 expression was only detected in a limited number of stump osteoblasts at a given time point, which may reflect either a short-term requirement and/or is an indication of potential asynchronous dedifferentiation of osteoblasts. Alternatively, only a small number of osteoblasts may dedifferentiate in order to establish the preosteoblast progenitor pool. It will be of interest in the future to test whether short-term upregulation of cyp26b1 in single stump osteoblasts is sufficient to allow their dedifferentiation.
Our previous work has demonstrated that blastema formation and mesenchymal proliferation in the stump are positively regulated by RA signaling (Blum and Begemann, 2012) . Unexpectedly, in this study, we found that both RA treatment and inhibition of Cyp26 activity slows down proliferation of fibroblasts and epidermal cells if treatment is initiated early enough to block osteoblast dedifferentiation. Importantly, our treatment regime did not generally impair initiation of blastema formation, as shown by enhanced upregulation of fgf20a and igf2b expression. Moreover, RA treatment even increases the proliferation rate of fibroblasts when RA treatment starts too late to interfere with osteoblast dedifferentiation.
Although RA treatment most likely enhances RA levels in all fin tissues, inhibition of Cyp26 activity is thought to primarily enhance RA levels in cell that express at least one of the three cyp26 genes. The spatial and temporal expression patterns of the three cyp26 genes in the fin stump, thus, imply that R115866 mainly acts in stump osteoblasts. Moreover, due to the rather small number of osteoblasts within the stump cell population, it is unlikely that cyp26b1 expressing osteoblasts act as a sink for extracellular RA and lower the concentration of RA within neighboring cells. Interestingly, ablation of osteoblasts during regenerative outgrowth dramatically slows down regeneration (Singh et al., 2012) , suggesting that signals from osteoblasts promote proliferation of other blastema cells. We therefore propose that already in the stump, dedifferentiated osteoblasts may have a positive impact on other cell types and argue that reduced epidermal and fibroblast proliferation in the stump of RA-and R115866-treated fish may be due to disturbed osteoblast dedifferentiation.
Singh et al. (Singh et al., 2012) have shown that, following ablation of osteoblasts in the uninjured fin, bone can regenerate normally, suggesting the presence of a ZNS-5 negative osteoblast progenitor population that have yet to be identified, or that other cell types can transdifferentiate into osteoblasts. Although this alternative mechanism likely does not play a role in normal fin regeneration, it has been debated whether impaired osteoblast dedifferentiation can be compensated by activation of an alternative bone regeneration programm. The absence of ZNS-5 + cells in the blastema of RA-and R115866-treated fish indicates that missing preosteoblasts were not replaced. This finding shows that a putative alternative mechanism either does not become activated in the presence of stump osteoblasts or also requires protection from RA signaling.
In contrast to dedifferentiating osteoblasts, cycling preosteoblasts do not express cyp26b1 and require RA signaling to proliferate, suggesting that dedifferentiation and subsequent proliferation are regulated by distinct signaling mechanisms. In agreement with this notion, Fgf signaling is required for preosteoblast proliferation, but not for dedifferentiation (Knopf et al., 2011) . Because aldh1a2 expression is high in stump fibroblasts, downregulation of cyp26b1 should allow a rapid increase in RA levels in preosteoblasts and thus may be sufficient to ensure preosteoblast proliferation upon dedifferentiation. The transition back to a differentiated state during regenerative outgrowth is prevented and proliferation is promoted by high RA levels towards the distal tip of the blastema. Moreover, the rapid downregulation of bmp2 and dkk1b expression in RA treated fish suggests that RA signaling may control preosteoblast differentiation through repression of Bmp signaling and promotion of Wnt/β-catenin signaling (Fig. 5J ).
Of note, differences in RA concentration along the proximodistal axis are established by opposing patterns of aldh1a2 and cyp26b1 expression in fibroblast-derived blastema cells. In contrast to the cell-autonomous function of Cyp26b1 in dedifferentiating stump osteoblasts, Cyp26b1 in proximal fibroblast-derived blastema cells acts cell-non-autonomously and thereby lowers extracellular RA that may diffuse into neighboring osteoblasts. Osteoblasts themselves neither produce RA nor inactivate it, indicating that RA levels in osteoblasts are determined by neighboring cells. In this model, inactivation of RA has a crucial function in controlling the proliferation rate and the position along the proximodistal axis where preosteoblasts differentiate. shha, a member of the Hedgehog (Hh) family is expressed in the basal epidermal layer adjacent to preosteoblasts and has been proposed to induce their differentiation (Laforest et al., 1998) . Moreover, shha expression was reported to become downregulated upon immersion of fish in RA (Laforest et al., 1998), suggesting that the inhibitory effect of RA on preosteoblast differentiation may be at least partly due to interfering with Hh signaling. However, we found that although expression of shha requires a RA-free epidermal niche established by Cyp26a1, inhibition of Hh signaling does not interfere with preosteoblast differentiation but rather blocks proliferation (Blum and Begemann, submitted manuscript).
During regenerative outgrowth RA from fibroblast-derived blastema cells is indispensable for the expression of bone matrix genes. However, redifferentiated osteoblasts start to produce bone matrix at a position along the proximodistal axis where RA levels are already decreased, suggesting that low levels of RA are sufficient for matrix synthesis. New bone forms very rapidly during regenerative outgrowth. This requires a high rate of bone matrix secretion, raising the question how the formation of thin, regularly shaped hemirays is ensured. The high number of osteoclasts in the regenerating fin and the striking bone phenotype in the absence of osteoclasts in RA-and R115866-treated fish is an indication for a so far unnoticed important role for bone resorption in fin regeneration. We therefore propose that removal of excess matrix by osteoclasts is required to generate the final hemiray shape. The inhibitory effect of RA signaling on osteoclast development suggests that osteoclasts can only differentiate at positions along the proximodistal axis where RA levels are already low, a constituting regulatory mechanism that may serve to prevent premature bone resorption.
During bone development and repair RA inhibits osteoblast differentiation and drives subsequent matrix synthesis (Laue et al., 2008; Li et al., 2010; Lie and Moren, 2012; Spoorendonk et al., 2008) , whereas in the osteoclast lineage RA signaling has been shown to promote proliferation of precursors and bone matrix resorption but blocks differentiation (Conaway et al., 2009; Conaway et al., 2013; Hu et al., 2010) . Our findings on the function of RA signaling in the formation of osteoblasts and osteoclasts during fin regeneration are consistent with those found for bone development and remodeling. Importantly, we demonstrate that RA signaling orchestrates osteoblast behavior throughout all stages of fin regeneration. (Spoorendonk et al., 2008) . hsp70I:cyp26a1 fish were analyzed as heterozygotes; wild type siblings served as controls. Reporter lines were analyzed as hetero-or homozygotes. Caudal fins were amputated along the dorsoventral axis, intersecting the median rays halfway for normal cuts, at ~30% ray length for proximal cuts and at ~70% ray length for distal cuts. Fish were allowed to regenerate for various times at 26-28°C. Animal experiments were approved by the state of Baden-Württemberg.
Material and Methods
Zebrafish husbandry and fin amputations
Heat-shock and drug treatment conditions
Heat-shocks were performed once daily by transferring fish to 33-34°C for 30 minutes and subsequently to 38°C (or 37°C) for 1 hour. IP injections were performed every 12 hours for experiments until 2 dpa and every 24 hours during regenerative outgrowth. Approximately 20 µl RA or R115866 were injected. The following concentrations were used: RA (all-trans RA, Sigma), 1 mM in 1% DMSO/PBS. R115866 (a gift from Janssen Pharmaceutica), 0.67 mM 10% DMSO/PBS. Control fish were injected with an equivalent concentration of DMSO/PBS.
For IP injection, anaesthetized fish were placed belly up in a slit in an agar plate and the injection needle were inserted at a low angle with the tip pointing cranially close to the pelvic girdle. 1 ml tuberculin syringes (Omnifix ®, Braun) and 30G hypodermic-needles (Sterican ®, Braun) were used.
Statistics
For quantified data significance of differences was tested using Student`s t-test. The numbers of specimen used for quantitative and nonquantitative experiments and the number of specimens that showed the phenotype (for nonquantitative data) are given in supplementary material Tables S2 and S3 .
Additional experimental procedures are described in the supplementary materials. 
